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636a Wednesday, February 19, 2014collectively responsive to perturbations. As a result, the fundamental interplay
between conformational heterogeneity and biological functions such as catal-
ysis and allostery remains poorly understood. To overcome these obstacles,
we develop new algorithms to identify hidden alternative conformations and
test whether they form cooperative interac-
tion networks across a set of benchmark
proteins. We also combine these computa-
tional tools with novel X-ray crystallog-
raphy experiments to characterize the
inherent conformational heterogeneity of
the diabetes therapeutic target PTP1B and
identify new susceptible allosteric sites.
Our approach will open new avenues for
the design of novel therapeutics and dynam-
ically enabled protein functions.3213-Plat
Determination of the Individual Roles of the Linker Residues in the Inter-
Domain Motions of Calmodulin using NMR Chemical Shifts
Predrag Kukic, Carlo Camilloni, Andrea Cavalli, Michele Vendruscolo.
University of Cambridge, Cambridge, United Kingdom.
Many protein molecules are formed by two or more domains whose structures
and dynamics are closely related to their biological functions. It is challenging,
however, to determine the structural properties of these multidomain proteins
because of their conformational heterogeneity. Here, we characterize the inter-
domain motions in the calcium-bound state of calmodulin (Ca2þ-CaM) using
NMR chemical shifts as replica-averaged structural restraints in molecular dy-
namics simulations. We find that the conformational fluctuations of the inter-
domain linker, which are largely responsible for the interdomain motions of
CaM, can be well described by exploiting the information provided by chem-
ical shifts, as these parameters are particularly sensitive to the local geometry
of polypeptide chains. We thus identify ten residues in the interdomain linker
region that change their conformation upon substrate binding. Five of these
residues (Met76, Lys 77, Thr79, Asp80 and Ser81) are highly flexible and
cover the range of conformations observed in the substrate-bound state, while
the remaining five (Arg74, Lys75, Asp78, Glu82 and Glu83) are much more
rigid and do not populate conformations typical of the substrate-bound form.
The ensemble of conformations representing the Ca2þ-CaM state obtained in
this study is in agreement with residual dipolar coupling, paramagnetic reso-
nance enhancement and small-angle X-ray scattering measurements, which
were not used as restraints in the calculations. These results thus illustrate
how CaM binds to its substrates by interdigitated residues in the interdomain
linker that follow either the conformational selection or the induced fit
mechanisms.
3214-Plat
The Role of Protein Dynamics in Calmodulin Target Recognition
Laurel Hoffman1, Xu Wang2, Margaret S. Cheung3, John A. Putkey2,
M. Neal Waxham1.
1Neurobiology and Anatomy, UT Hlth Sci Ctr, Houston, TX, USA,
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We aimed to elucidate the role of protein dynamics and stability in target recog-
nition, a process critical in understanding how proteins "choose" the appro-
priate target. We chose to examine the ubiquitous protein calmodulin (CaM),
an essential secondary messenger of calcium signaling with over 300 identified
protein targets. CaM is highly flexible and dynamic and its conformational
plasticity is essential for accommodating diverse targets. CaM exists as an
ensemble of conformers fluctuating around a large flat energy minimum, where
conformational sampling permits a continuum population of structures with
similar energies. To investigate the role of conformational sampling we
measured CaM properties under conditions of excluded volume, where non-
reactive polymers were incorporated into experimental conditions. The poly-
mers effectively limit the 3D space a protein can occupy and thus influence
its conformational sampling by redistributing the probabilities of each confor-
mational state and modulating the energy barriers between them. We observed
that volume exclusion stabilized compact conformations of CaM which had
minimal impact on steady state affinity for Ca2þ or for protein targets. We
observed reduced association rates with targets and importantly, volume exclu-
sion significantly decreased the rate of conformational transition from the
initial encounter complex to the natively bound complex. This transition is
dependent on polymer size, with smaller polymers correlated to larger de-
creases, as well as temperature, where lower temperatures which impede
conformational dynamics decreased rates the most significantly. We conclude
that stabilization of compact conformers and dampened protein dynamicsinduce conformational frustration during transition to the native complex,
where sampling of productive transition state intermediates is encumbered by
high energy barriers. Our data is in support of an induced fit binding mechanism
where CaM and its target must undergo mutually adjusted step-wise conforma-
tional searches to find the natively bound complex.
3215-Plat
Insights into Allostery from the Local Elastic Constants of a Protein
Andre A.S.T. Ribeiro, Vanessa Ortiz.
Chemical Engineering, Columbia University, New York, NY, USA.
Allostery connects subtle changes in a protein’s potential energy surface
(induced by perturbations such as ligand-binding) to significant changes in
its function. Understanding this phenomenon and predicting its occurrence
are major goals of current research on biophysics and molecular biology.
Here we introduce a novel approach for studying complex structural transfor-
mations such as those typical for allostery. We show that the calculation and
analysis of atomic elastic constants of a known allosterically regulated protein,
lac repressor, highlights regions that are particularly prone to suffer structural
deformation and are experimentally linked to allosteric function. The calcula-
tions are based on a high resolution, all-atom description of the protein, but are
computationally inexpensive when compared to currently used methods that
employ the same resolution. We also show that, for the present system, lower
resolution models yield qualitatively different results, indicating the impor-
tance of adequately describing the local environment surrounding the different
parts of the protein.
3216-Plat
A Substrate Channel in Nitrogenase Revealed by a Molecular Dynamics
Approach
Dayle M. Smith1, Simone Raugei1, Karamatullah Danyal2, Lance Seefeldt2.
1Pacific Northwest National Lab, Richland, WA, USA, 2Chemistry and
Biochemistry, Utah State University, Logan, UT, USA.
Mo-dependent nitrogenase catalyzes the biological reduction of N2 to 2NH3 at
the FeMo-cofactor buried deep inside the MoFe protein. Access of substrates,
such as N2, to the active site is likely restricted by the surrounding protein,
requiring substrate channels that lead from the surface to the active site. Earlier
studies on crystallographic structures of the MoFe protein have suggested three
putative substrate channels. Here, we have utilized sub-microsecond atomistic
molecular dynamics simulations to allow the nitrogenase MoFe protein to
explore its conformational space in an aqueous solution at physiological ionic
strength, revealing a putative substrate channel not previously reported. The
viability of the proposed channel was tested by examining the free energy of
passage of N2 from the surface through the channel to FeMo-cofactor, with dis-
covery of a very low energy barrier. These
studies point to a viable substrate channel
in nitrogenase that appears during thermal
motions of the protein in an aqueous envi-
ronment that approaches a face of FeMo-
cofactor earlier implicated in substrate
binding.Symposium: Structures of Membrane Fusion
3217-Symp
Solid-State NMR Structural Measurements and Models of the HIV and
Influenza Fusion Proteins in Membranes
David P. Weliky.
Michigan State University, East Lansing, MI, USA.
Solid-state NMR (SSNMR) has been applied to probe the structures and mem-
brane locations of domains of the HIV gp41 and the influenza virus HA2 mem-
brane fusion proteins. Advantages of SSNMR include: (1) use of membrane
bilayers without detergent and with lipid and cholesterol composition similar
to that of host cells; and (2) preparation of samples under conditions very
similar to those used for functional vesicle fusion assays. The N-terminal
~20-residue HA2 fusion peptide (IFP) domain has helix-turn-helix structure
and in detergent there are reports of: (1) an open interhelical topology with a
hydrophobic interhelical pocket and inverted V membrane insertion; and (2)
a closed topology with tightly-packed antiparallel helices and membrane con-
tact with a hydrophobic protein surface. SSNMR measurements in membranes
lacking cholesterol show that the closed structure is predominant. Both the IFP
and the corresponding N-terminal gp41 fusion peptide (HFP) have predominant
oligomeric b sheet structure in membranes with 30 mole% cholesterol which is
typical for viral and host cell membranes. SSNMR measurements for HFP
show that there is antiparallel arrangement of adjacent stands with a broad dis-
tribution of antiparallel registries. The central regions of the antiparallel sheets
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acyl chains. This antiparallel distribution is also observed for a much larger
segment of gp41 that includes the fusion peptide. A very different registry dis-
tribution is detected for the non-functional V2E mutant and suggests that the
amino acid content of the antiparallel sheet is correlated to membrane fusion.
3218-Symp
Membrane Dynamics and Lipid Interactions of Influenza Fusion Proteins
Peter Kasson.
Department of Molecular Physiology and Biological Physics, University of
Virginia, Charlottesville, VA, USA.
Viral fusion peptides interact with lipid membranes to promote membrane
fusion and viral entry. Data on fusion-defective mutants of influenza virus
suggest that these interactions are in fact required for efficient fusion. Fusion
peptides appear to be at least structurally plastic if not highly dynamic, adopt-
ing multiple conformations and potentially multiple interaction modes with
lipid membranes. It remains unclear, however, how these structural properties
are linked to physiologic function. We have used molecular dynamics simu-
lation to probe the conformational transitions and membrane interactions of
influenza hemagglutinin. Based on these simulations, we obtain models of
1) how fusion peptides can lower the activation barrier to the first lipidic in-
termediates in membrane fusion, 2) how structural plasticity may be impor-
tant to this activity, and 3) how inactive mutants of influenza fusion
peptides may be functionally impaired. We have also performed functional
experiments on how the membrane environment affects fusion kinetics of
live influenza virus. Correlation of models from simulation with spectroscopic
and functional data can help to further elucidate the mechanisms by which
fusion peptides promote membrane fusion and how structure and dynamics
relate to function.
3219-Symp
How SNARE Assembly and Folding may Drive Membrane Fusion
Lukas K. Tamm.
Department of Molecular Physiology & Biological Physics, University of
Virginia, Charlottesville, VA, USA.
Soluble N-ethylmaleimide-sensitive factor attachment protein receptor
(SNARE)-mediated membrane fusion is driven by the assembly of the four-
helix bundle of the SNARE complex. Three SNARE proteins form the SNARE
complex that is responsible for rapid exocytosis of synaptic vesicles at presyn-
aptic membranes of neurons: synaptobrevin (or VAMP) 2 is the single vesicle
SNARE and syntaxin 1A together with synaptosomal-associated protein 25
(SNAP-25) forms the acceptor SNARE complex on the presynaptic plasma
membrane. While synaptobrevin and syntaxin are single helix-spanning inte-
gral membrane proteins, SNAP-25 is a palmitylated soluble protein. We
have solved the monomeric prefusion structures of membrane-anchored synap-
tobrevin and syntaxin by solution NMR methods and studied their membrane
association with site-directed spin-label EPR spectroscopy. Contrary to the
common notion that the soluble portions of SNAREs are completely disordered
prior to assembly, we found that certain regions have higher propensities to pre-
fold into helical segments and exchange with the membrane surface than other
regions. Supported by fluorescence interferometric measurements in supported
membranes, we propose a mechanism of SNARE assembly that could provide
the energy to drive tight membrane docking (by formation of a partially folded
trans-SNARE complex) to membrane fusion (by formation of the completely
folded cis-SNARE complex).
3220-Symp
Structural Rearrangement of the Ebola Virus VP40 Protein Begets Multi-
ple Functions in the Virus Life Cycle
Erica Ollmann Saphire1, Zachary A. Bornholdt1, Dafna M. Abelson1,
Peter Halfmann2, Takeshi Noda3, Malcolm Wood4, Yoshihiro Kawaoka2.
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Structural basis for ebolavirus matrix assembly and budding; protein plasticity
allows multiple functions Proteins, particularly viral proteins, can be multifunc-
tional, but the mechanism(s) behind this trait are not fully understood. Here, we
illustrate through multiple crystal structures, biochemistry and cellular micro-
scopy that a protein of the Ebola virus, termed VP40, rearranges into different
structures, each with a distinct function required for the ebolavirus life cycle. A
butterfly-shaped VP40 dimer trafficks to the cellular membrane. There, electro-
static interactions trigger rearrangement of the polypeptide into a linear hex-
amer. These hexamers construct a multi-layered, filamentous structure that is
critical for assembly and budding of nascent virions and resembles tomograms
of authentic virions. A third structure of VP40, formed by a different rearrange-ment pathway, is not involved in virus assembly, but instead exists only in in-
fected cells, where it uniquely binds RNA to regulate viral transcription. These
results provide a functional model for Ebola virus matrix assembly and the
other roles of VP40 in the virus life cycle, and demonstrate how a single,
wild-type, unmodified polypeptide can assemble into different structures for
different functions.
Symposium: Biophysics of Cell Division and
Spatial Relationships
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Direct Evidence for Sister Kinetochore Fusion in Meiosis I
Susan Biggins1, Krishna Sarangapani2, Eris Duro3, Yi Deng2,
Kwaku Opoku2, Flavia de Lima Alves4, Juri Rappsilber5, Adele Marston5,
Charles Asbury2.
1Fred Hutchinson Cancer Research Center, Seattle, WA, USA, 2University of
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For decades, biologists have wondered how replicated sister chromatids, which
always separate from one another during normal mitotic cell division, instead
co-migrate together during phase I of meiosis, the specialized division that pro-
duces eggs and sperm. Genetic, cytological, and biochemical studies using
budding yeast have suggested that sister kinetochores, which link the sister
chromatids to microtubules and drive their movement, may be mechanically
fused by a meiosis I-specific kinetochore-binding factor called monopolin.
But thus far the evidence for monopolin-dependent sister kinetochore fusion
has been indirect, and the possibility that monopolin could instead promote
co-migration by binding to and inhibiting one of the two sister kinetochores
has not been excluded. To test these ideas directly, we are isolating native
meiotic and mitotic kinetochore particles, reconstituting their function in vitro,
and applying advanced tools for manipulating and tracking individual mole-
cules. Using laser trapping, we find that kinetochore particles from meiosis I
form substantially stronger attachments to dynamic microtubule tips than those
frommitosis or frommeiosis II. The high strength of meiosis I particles is lost if
DNA replication is blocked during pre-meiotic S-phase, demonstrating that sis-
ters are required. High strength is also lost if monopolin is disrupted prior to
kinetochore particle isolation and, conversely, the strength of mitotic kineto-
chores can be increased by artificially inducing monopolin expression. Quanti-
tative fluorescence microscopy also confirms that meiosis I particles have more
copies of the core microtubule-binding component, Nuf2. Together these data
suggest that sister kinetochores are mechanically fused by the monopolin com-
plex during meiosis I, in such a way that the microtubule-binding elements
from the two sister kinetochores can cooperate together to form a single attach-
ment site.
3222-Symp
Intrinsic and Extrinsic Noise in the Flagellar Length Control System
Wallace Marshall.
UCSF, San Francisco, CA, USA.
The control of organelle size is currently an open question in cell biology. The
eukaryotic cilium or flagellum provides a simple, one-dimensional model
organelle in which to study the mechanisms of size control. We have previously
analyzed the dynamics of transport within the flagellum and found evidence for
a control system regulating transport as a function of length, coupled with an
avalanche-like behavior that generates power-law distributions of transport
mediator sizes. Here, we analyze fluctuations in flagellar length as a new
way to probe the mechanisms of size control, and link these observations
with our previous results using a simple noise model. A similar approach can
be applied to probe size control mechanisms in any organelle.
3223-Symp
Cytoskeletal Assembly Under Confinement
Daniel Fletcher.
University of California, Berkeley, Berkeley, CA, USA.
How the crowded confines of a cell influence the assembly and organization of
intracellular structures remains a mystery. While some cytoskeletal structures
have been successfully formed in vitro from purified protein components,
biochemical reconstitution outside the complex environment of the cell carries
the inevitable risk of removing too much context and therefore sacrificing
important physical constraints that guide the system’s behavior. One such
constraint is the size of cells. This talk will describe recent work investigating
the effect of volumetric confinement on the assembly of mitotic spindles in
Xenopus egg extract, as well as experimental methods for recreating physical
constraints for in vitro reconstitutions. This work contributes to the growing
